Lecture 13

Digital Circuits(l11)
CMOSCIRCUITS

Outline
o Complementary MOS (CMQS) Inverter: introduction
« CMOQOS inverter: noise margins
o« CMOS Inverter: propagation delay

Reading Assignment:
Howe and Sodini; Chapter 5, Sections 5.4, 5.5 & 5.7
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Summary of Key Concepts

Key features of CMOS inverter:

* No current between power supply and ground while
Inverter isidlein any logic state

 “ral-to-rail” logic
— Logiclevelsare0and V.

« High|A,| around the logic threshold
— P Good noise margins.

CMOQOS inverter logic thresnold and noise margins
engineered through W, /L, and W /L .

Key dependencies of propagation delay:

e V- P tp_
- L Pt
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1. Complementary MOS (CMOS) Inverter

Circuit schematic:

* Vin=0 P Vour=Vpp
— Vg =0 (<Vqy) P NMOS OFF
— Vgep=Vpp (>-Vy,) P PMOSON
* Vin=Vop P Vgur=0
~ Vgg=Vpp (> V) b NMOS ON
— Vg5, =0 (<-Vyy) b PMOS OFF

No power consumption whileidlein any logic state!
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CMOS Inverter (Contd.):
Output characteristics of both transistors:

Ion 4 -5§}p A
NVasn | T Vsao
Vasn=VTn & Vage=V1p
04 =y o 3
0 Vpsn 0 VED;}
Note:

Vin=Vesn=Vop-Vsgp P Vess™Vop - Vin

Vour = Vosn = Voo -Vsop P Vep=Vop - Vour

IDn = 'IDp
Combine into single diagram of I vs. V4, withV  as

parameter
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* No current whileidlein any logic state

|nverter Characteristics;

MMOS cutoff
FMOS triode
Vout 4 / MMOS saturation
FMOS triode
Vpo /
MMOS saturation
FIMOS saturation

MMOS triode

FMOS =aturation

/ NMOS triode
/ PMOS cutoft

G e
0 VIn VooV Vpp Vin

« “rail-to-rail” logic: logiclevelsare O and Vg
e High |A,| around logic threshold
P good noise margins
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2. CMOSinverter: noise margins

Vour & nm,
L
VDH 1

L=

« CaculateV,,
o Calculate A, (V)
e Caculate NM, and NM,

CalculateVy, (Vy =V n=Vour)

At V,, both transistors are saturated:

W 2
| Dnh — 2Ln mnCox(VM - VTn)
n
Wp 2
- lpp = oL rr]oCox(VDD -V t VTp)
p
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CMOSinverter: noise margins (contd.)

Define:

Since:

Then:

2
~Kn(Vi - Vqn)* = _kp(VDD - Vi +VTp)

Usualy, V,and Vy, fixed and V, = - Vq,
b V,, engineered through k /k; ratio.
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CMOSinverter: noise margins (contd..)

« Symmetric casel k, =k,

V
V — DD
M2
Thisimplies:
Wp o W,
k Tt L W W
L =1=F » S p —L2»2-10
K Wo mc Wh 5 L L
n 1 MG o 2 m, P "

Sinceusualy L,» L, P W,»2W_

Wp

. W
e Asymmetric case; k, >>kp, or —>>
L, .

Vi » Vi,
NMOS turns on as soon as V|, goes above V.

P

. W, W
 Asymmetric case: k, <<k, or T
n p

Vi »Vpp + VTp

PMOS turns on as soon as V goes below Vi, + V.
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CMOSinverter: noise margins (contd...)
Calculate A, (V)

» Small signal mode!:

S2
+
Vsg2=Vin () gmpVsg2 % fop
- G2 D2
— D1
+ + G‘E +
Vin Vgsi L ImnVgs1 % ron Vout
S1
G1=G2 D1=D2
+ +
Vin @ gmnvin -~ Q@ ImpVin % ron/frop  Vout
S51=52

Ay == (G + Gonp T on ! Top)

This can be rather large.
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CMOSinverter: calculate noise margins
(contd.)

1I""I{}-E_.‘-:T A NML
AEE—
VDD 1

°0 ‘~":|e:_‘u‘l'a.,¢ ViH Va[: Vin
NM g
» Noise-margin low, NM, :
| =
\)
Vu - ViL
Then:
Vop - V
V, =Vy - DTAvl -
Therefore: vV V
NML:VH_'VOL:VIL:VM- D[l)AlM
\Y

Inthelimit of |A,|® ¥:
NM, ® V,,
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CMOSinverter: calculate noise margins
(contd.)

» Noise-margin-high, NM;:

A, | = 2
V
VIH 3 V|v|
Then:
IH |\/|é |Av|ﬂ
Therefore:

(oS
NM; = Von - Viy =Vpp - Vy gl"'

Inthelimit of |A,|® ¥:

NM , ® Vpp - V,,
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3. CMOSinverter: Propagation delay

Inverter propagation delay: time delay between input
and output signals; figure of merit of logic speed.

Typical propagation delays. <1 ns.

Complex logic system has 10-50 propagation delays per
clock cycle.

Estimation of t;: use square-wave at input
.l'l.l:.

e ' ————————— e

Average propagation delay:
1
t, = E(tPHL +tPLH)
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CMOSinverter:
Propagation delay high-to-low

VpD

VIN: VourT:

LO-HI HI-LO
—iL II o

L

Vin=0 Vout=VDD VIN=VDD VouT=o

W_{ [vT—C VIN =V[;Bm —{ E[TCLVOUTZVDD m—{ [—TC

| [ || | [

t=0-

1=0+ t->infty

During early phases of discharge, NMOS is saturated
and PMOS is cut-off.

Timeto discharge half of charge stored in C, :.

1
> chargeonC, @t =0

t » -
PAL dischar ge current
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CMOSinverter:
Propagation delay high-to-low (contd.)

Chargein C, at t=0

Discharge Current (NMOS in saturation):

W 2
lon == mnCox(VDD - VTn)
oL,

Then:

C,V
Upy » W =00

L_n rn'ICOX(VDD - VTn)Z
n
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CMOSinverter:
Propagation delay low-to-high

VbD
VIND o] VouT:
HI-LO LO=HI
i: CL
=
VDD VpD VoD

VtNV[Ei:[ VouT=0 —Cii: VIN=0 —c”: VouT=Vpp
[FL ViN=0 —{[%ICLVOUTO —{ETI;L

t=0 t=0+ t->infty

During early phases of discharge, PMOS is saturated
and NMQOS is cut-off.

Timeto chargeto half of final chargeon C, .

1
Echarge onC| @t=¥

t »
PLH charge current
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CMOSinverter:
Propagation delay high-to-low (contd.)

ChargeinC_ at t=¥:
Q.L(t=¥)=C_Vpp
Charge Current (PMOS in saturation):
W, 2
- lpp = oL rr|oCox(VDD + VTp)
p

Then:
CLVDD

tpLy » W, >
L_p rrl)cox(VDD +VTp)

Key dependencies of propagation delay:

e Vpp- P tp_

— Reason: V- P Q(C, )-,butasoly -

— Trade-off: Vyp - P more power consumed.
- L Pt

— Reason: L P |-

— Trade-off: manufacturing cost!
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Components of load capacitance C, :

* Following logic gates. must add capacitance of
each gate of every transistor the output is connected
to.

* Interconnectswire that connects output to input of
following logic gates
« Own drain-to-body capacitances

CL = CG + CWire + CDBn + CDBp

See detailsin Howe & Sodini Section 5.4.3
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What did we learn today?
Summary of Key Concepts

Key features of CMOS inverter:

* No current between power supply and ground while
Inverter isidlein any logic state

 “ral-to-rail” logic
— Logiclevelsare0and V.

« High|A,| around the logic threshold
— P Good noise margins.

CMOQOS inverter logic thresnold and noise margins
engineered through W, /L, and W /L .

Key dependencies of propagation delay:

e V- P tp_
- L Pt
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